Background: Translationally stalled proteins (including those aberrantly translated beyond their stop codons) pose dangers for eukaryotic cells. Results: The ubiquitin ligase Rkr1/Ltn1 targets translationally stalled ER-associated proteins for degradation. Conclusion: Cytosolic and ER-associated translationally stalled proteins are targeted for destruction by related mechanisms. Significance: Mechanisms regulating the degradation of translationally stalled ER-associated proteins may represent therapeutic targets for human disease.
Life depends on accurate protein synthesis. Faulty protein synthesis can lead to a variety of pathological states, including neurodegenerative conditions and cancer. Not surprisingly, cells have evolved a host of co-and post-translational quality control mechanisms to reduce the abundance of aberrant proteins. One type of aberration in protein synthesis is the translation of an mRNA molecule beyond its open reading frame into the 3Ј-untranslated region (UTR), resulting in the synthesis of so-called nonstop (NS) 3 proteins. 3Ј UTR translation may arise from stop codon mutations, mutations in genes encoding factors involved in translational termination, errors in transcription, or errors in ribosomal decoding of stop codons. In the absence of a fortuitously positioned stop codon in the 3Ј UTR, translation continues into the poly(A) tail. This results in an abnormal, nonstop protein with a C-terminal polylysine extension. Eukaryotic cells have developed at least two complementary strategies for reducing the abundance of potentially harmful NS proteins: nonstop decay (NSD) of NS mRNA molecules and ribosome-associated degradation of NS proteins (1) .
The consequences of faulty NS protein degradation on health are severe. Mice lacking the ribosome-associated quality control ubiquitin ligase (E3) Listerin exhibit severe neurodegeneration and impaired motor function (2) . Under genetic or pharmacological conditions of excessive NS protein production, Saccharomyces cerevisiae lacking the yeast homolog (Rkr1/Ltn1) display a significant growth defect (3) . Furthermore, yeast lacking Rkr1 exhibit transcriptional defects (4) and sensitivity to the yeast prion [PSIϩ] , particularly in the absence of enzymes that regulate histone modifications (5) .
Stop codon mutations that result in 3Ј UTR and poly(A) translation in individual genes have been implicated in several pathologies, including 2,8-dihydroxyadenine urolithiasis (6) , congenital adrenal hyperplasia (7) , idiopathic hypogonadotropic hypogonadism (8) , and muscular dystrophy (9) . In such cases, disease phenotypes may arise from the loss of protein function due to translation of a C-terminal extension, decreased protein abundance due to functional NS quality control mechanisms, or both. Reduced expression of disease-associated NS variants suggests that NS quality control mechanisms may represent viable therapeutic targets for such conditions (6, 7, 9) .
A current model of ribosome-associated protein degradation of NS proteins is based largely on genetic and biochemical studies of protein and mRNA quality control in S. cerevisiae. Translation of the poly(A) tail of an NS mRNA molecule is likely to result in a terminally stalled complex containing a ribosome, an mRNA molecule, and a tRNA-linked protein with a C-terminal polylysine extension (10) . In addition to the absence of a stop codon to trigger termination, electrostatic attraction between the translated basic polylysine tract and the acidic ribosome exit tunnel is believed to prolong ribosome occupancy (3, 11, 12) . Indeed, translational pausing and ribosome-associated degradation can be induced by artificially inserting a sequence encoding several consecutive basic amino acids upstream of a wild-type (WT) stop codon (3, 11, 13) . The heterodimeric complex of Hbs1 (a GTPase with homology to translational release factors) and Dom34 (which adopts a conformation that mimics tRNA structure) stimulates ribosome dissociation into large and small subunits (10, 14 -16) , potentially with assistance from the ATPase Rli1 (1) . The stalled polypeptide remains associated with the large subunit (17) . A ribosome quality control (RQC) complex composed of the E3 Rkr1 and scaffolding proteins Rqc1 and Rqc2/Tae2 ubiquitylates translationally paused ribosome-associated proteins (3, 17, 18) . The AAA-ATPase (ATPase associated with various cellular activities) Cdc48 (with co-factors Npl4 and Ufd1) recognizes and extracts stalled ubiquitylated proteins from large ribosome subunits and facilitates their proteasomal degradation (18, 19) . Recent in vitro analyses with mammalian counterparts confirm that these mechanisms have been highly conserved (20, 21) .
Characterization of the genetic requirements for degradation of translationally stalled proteins has chiefly relied upon variants of model soluble cytosolic proteins (e.g. His3, protein A, and green fluorescent protein (GFP)) engineered to be translated beyond their stop codons or to possess internal polybasic sequences that mimic a translated poly(A) tail (3, 11, 13, 19, 22) . Following translational pausing and ribosome dissociation, translationally stalled cytosolic proteins are expected to have their N-terminal portions exposed to the cytosol where the RQC complex would have access (17, 23) . By contrast, it is unclear how or whether cells regulate the abundance of translationally stalled proteins targeted to the endoplasmic reticulum (ER). Many ER-targeted proteins are co-translationally translocated, during which the nascent polypeptide moves directly from the ribosome exit tunnel into the protein-conducting translocon. The ribosome and translocon shield many ER-targeted proteins from cytosolic exposure (24, 25) . If a ribosome translates a pause-inducing sequence in a soluble ER-targeted protein and Hbs1-Dom34 trigger ribosome dissociation, very little (or none) of the nascent polypeptide would be expected to be exposed to the cytosol. It is therefore not a priori evident how or whether Rkr1 could access such a stalled poly-peptide. It is equally unapparent how or whether translationally stalled integral membrane proteins are recognized by the ribosome-associated quality control machinery.
Two other E3s, Doa10 and Hrd1/Der3, represent candidate mediators of ribosome-associated quality control at the ER membrane. These transmembrane E3s catalyze the quality control degradation of aberrant ER-localized proteins via multiple mechanisms of ER-associated degradation (ERAD) (26 -31) . Doa10 and Hrd1 ubiquitylate distinct substrate classes in a manner that depends, in general, on degradation signal (degron) localization with respect to the ER membrane (32) . Doa10 typically targets proteins with cytosolic degrons (ERAD-C substrates), whereas Hrd1 targets proteins with degrons in the ER lumen (ERAD-L substrates) or within membrane-spanning segments (ERAD-M substrates) (33) (34) (35) (36) (37) (38) . However, Doa10 has also recently been shown to recognize an intramembrane (ERAD-M) degron (39) . Additionally, Hrd1 may target for degradation proteins that persistently or aberrantly engage the ER-localized translocon (ERAD-T substrates) (40 -42) . Given that translationally stalled ER-targeted proteins may be expected to remain translocon-engaged, it may be hypothesized that Hrd1 targets such proteins for degradation. An alternative hypothesis is that Doa10 recognizes the abnormal, persistent presence of an intact or dissociated ribosome tethered to the ER membrane by a translationally stalled ERtargeted polypeptide as an ERAD-C degron.
In this study, we investigated whether Rkr1, Doa10, or Hrd1 regulate the abundance of translationally stalled ER-targeted proteins. We found that model NS and polylysine-containing proteins targeted to the ER are proteasomally degraded. Although Doa10 and Hrd1 are required for cells to cope with conditions associated with increased frequency of stop codon read-through, degradation of the tested model translationally stalled ER-targeted proteins depends principally on Rkr1. Our data indicate that ER-targeted proteins, like soluble proteins, are subject to ribosome-associated quality control and reveal a previously unappreciated role for Rkr1 at the ER membrane, where it targets translationally paused ER-targeted proteins for degradation. Furthermore, the mode of translocation (i.e. coversus post-translational) influences the efficiency of translational pausing and Rkr1-dependent degradation of aberrant ER-targeted proteins.
Experimental Procedures
Yeast and Bacterial Methods-Yeast cells were cultured in rich yeast extract/peptone/dextrose (YPD) or synthetic defined (SD) medium as described previously (43) . Yeast cells were transformed with DNA molecules (plasmids or PCR products) using standard techniques (43) . To delete genes by homologous recombination, antibiotic selection markers were amplified from donor yeast strains or plasmids with flanking sequences that possess homology to sequence immediately upstream and downstream of target gene start and stop codons. Gene deletions were confirmed by PCR. Plasmids were manipulated using standard restriction enzyme-based cloning, PCRbased mutagenesis, and gap repair. Detailed cloning and gene knock-out strategies, plasmid sequences, and primer sequences are available upon request. Yeast growth assays were performed by spotting 4 l of 6-fold serial dilutions of yeast cultures (beginning with cells at an A 600 of 0.2) onto plates containing yeast growth medium. Plates were incubated at the indicated temperatures. Yeast strains used in this study are presented in Table 1 . Plasmids used in this study are presented in Table 2 .
Protein Extraction for Steady State Analysis and Endoglycosidase H Treatment-Protein extracts were prepared using a post-alkaline lysis method (40, 44) . Briefly, 2.5 A 600 eq of midlog phase yeast cells were suspended in 200 l of 0.1 M NaOH and incubated for 5 min at room temperature. Cells were pelleted by centrifugation. Pelleted cells were resuspended and lysed in 1ϫ Laemmli sample buffer. Lysates were boiled for 5 min and cleared by centrifugation prior to separation by SDS-PAGE. For analysis of protein N-glycosylation, protein extracts (0.375 A 600 eq) were supplemented with 0.83 M potassium acetate, pH 5.6, to a final concentration of 80 mM and incubated at 37°C for 3 h in the presence or absence of 0.005 units of endoglycosidase H (Endo H; Roche Applied Science).
Proteasome Inhibition-Six A 600 eq of mid-log phase yeast cells were pelleted by centrifugation and resuspended in 2 ml of pre-warmed (30°C) medium. Cells were split into 2 aliquots and incubated with the proteasome inhibitor MG132 (Sigma) dissolved in DMSO (final concentration 50 M) or an equivalent amount of DMSO. Cells were incubated for 3 h and pelleted by centrifugation. Cells were lysed as described previously (45) . Briefly, yeast cells were suspended and vortexed in 1.15 ml of 0.25 M ␤-mercaptoethanol and 0.125 M NaOH. Proteins were All plasmids used in this study are yeast CEN plasmids and harbor the AmpR gene for selection of ampicillin-resistant Escherichia coli. All genes encoding model proteins are driven by glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter (72) . Furthermore, all genes are followed by the HIS3 3Ј UTR, as described previously (73) (except for FLAG-Vma12-ProtA-K12-13myc and FLAG-Vma12(glyc)-ProtA-K12-13myc; STK 07.4.3 and pVJ485) and the CYC1 transcriptional terminator sequence. In all cases, K12 was encoded by 5Ј-(AAGAAA) 6 -3Ј. See Fig. 2 for schematic depictions of constructs used in this study.
Name Alias
Yeast selection marker Description Source pVJ26 pRS313 HIS3 Empty vector 70 pVJ48
YCplac33 URA3 Empty vector 71 pVJ380
pKK7 URA3 GFP-2A-FLAG-HIS3-K12 followed by stop codon in YCplac33 vector backbone 13 pVJ382
pSA158 URA3 GFP-2A-FLAG-HIS3 followed by stop codon in YCplac33 vector backbone 13 pVJ383
pSA159 HIS3 CPY-ProtA-K12-13myc followed by stop codon in pRS413 vector backbone This study precipitated in 5% trichloroacetic acid. The pellet was resuspended in SDS gel loading buffer.
Western Blotting-Proteins were transferred from SDS-PAGE to polyvinylidene fluoride membranes (Millipore). Membranes were blocked in 5% skim milk in Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5) for 60 min at room temperature or overnight at 4°C. All antibody incubations were performed for 60 -90 min at room temperature in 1% skim milk in TBS supplemented with 0.1% Tween 20 (TBS/T) followed by three 5-min washes in TBS/T. The following antibody dilutions were used for experiments presented in Figs. 3 and 5-7: mouse anti-FLAG (Sigma catalog no. F3165) at 1:10,000; mouse anti-phosphoglycerate kinase 1 (Pgk1; clone 22C5D8; Life Technologies, Inc., catalog no. 459250) at 1:80,000; and rabbit anti-glucose-6-phosphate dehydrogenase (G6PDH; Sigma catalog no. A9521) at 1:10,000. Mouse primary antibodies were followed by incubation with AlexaFluor-680conjugated rabbit anti-mouse secondary antibody (Life Technologies, Inc., catalog no. A-21065) at 1:40,000. Rabbit primary antibodies were followed by incubation with IRDye-680RDconjugated goat anti-rabbit secondary antibody (Li-Cor catalog no. 925-68071) at 1:40,000. The AlexaFluor-680-conjugated rabbit anti-mouse antibody (1:40,000 dilution) was also used to directly detect the Staphylococcus aureus protein A epitope (which binds to mammalian immunoglobulins (46) ). The following antibody dilutions were used for experiments presented in Fig. 4 : peroxidase-anti-peroxidase-soluble complex (PAP; antibody produced in rabbit; Sigma catalog no. P1291) at 1:20,000 to directly detect the S. aureus protein A epitope; mouse monoclonal anti-phosphoglycerate kinase 1 (Pgk1; clone 22C5; Molecular Probes catalog no. A-6457) at 1:20,000, and rabbit anti-glucose-6-phosphate dehydrogenase (G6PDH; Sigma catalog no. A9521) at 1:10,000. Anti-Pgk1 mouse primary antibody was followed by incubation with peroxidaseconjugated goat anti-mouse antibody (IgG1-specific; Jackson ImmunoResearch catalog no. 115-035-205) at 1:10,000. Anti-G6PDH rabbit primary antibody was followed by incubation with peroxidase-conjugated goat anti-rabbit (Dianova catalog no. 111-035-003) at 1:10,000. No secondary antibody was used for detection of the peroxidase-anti-peroxidase-soluble complex. Membranes were imaged using an Odyssey CLx Infrared Imaging System and Image Studio Software (Li-Cor) (Figs. 3 and 5-7) or an LAS-3000 imaging system (Fuji) and Aida Image Analyzer software (Bio Imaging) ( Fig. 4 ).
Results
Rkr1, Doa10, and Hrd1 Confer Resistance to Hygromycin B-Mutations in genes required for co-translational degradation of NS and translationally stalled cytosolic proteins render cells sensitive to conditions associated with excess NS protein production (3, 19) . We hypothesized that the ERAD E3s contribute to co-translational degradation of NS and translationally stalled proteins targeted to the ER membrane. We predicted that growth of yeast cells lacking Doa10 or Hrd1 would be impaired under conditions associated with elevated NS protein production. Yeast cells expressing or lacking all combinations of Doa10, Hrd1, and Rkr1 were cultured on medium containing the aminoglycoside hygromycin B (Fig. 1 ). Hygromycin B induces ribosome A site distortion and errors in mRNA decoding, likely resulting in frequent stop codon read-through (47, 48) . Consistent with previous studies (3), we observed a growth defect in yeast cells lacking RKR1 in the presence of hygromycin B. Cells lacking either DOA10 or HRD1 also exhibited a growth defect, although less severe, under these conditions. Combined deletion of DOA10 and HRD1 further impaired growth. Yeast with deletions of genes encoding all three E3s (DOA10, HRD1, and RKR1) exhibited a very strong growth defect.
To confirm the specificity of the growth defect in the presence of hygromycin B, we also analyzed growth in the presence of compounds that inhibit the ribosome by other mechanisms. Anisomycin and cycloheximide inhibit translational elongation by preventing peptidyltransferase activity and interfering with ribosome translocation, respectively (49, 50) . Individual or simultaneous deletion of DOA10 and HRD1 did not specifically sensitize cells to either compound. Loss of RKR1 (but not of DOA10 or HRD1) mildly retarded growth in the presence of anisomycin. We note that cycloheximide slowed growth of cells of each genotype to a similar extent, confirming compound bioactivity. The specific sensitivity of cells lacking the ERAD E3s to hygromycin B is consistent with a role for Doa10 and Hrd1 in NS protein degradation.
Rkr1 Regulates Abundance of a Model Translationally Stalled Cytosolic Soluble Protein-Given their subcellular localization, we hypothesized that Rkr1 and the ERAD E3s catalyze ribosome-associated degradation of cytosolic and ERtargeted proteins, respectively. Previous analyses have indicated a role for Rkr1 in the degradation of the cytosolic Unexpectedly, we observed variable changes in GFP-NS protein abundance in the absence of each individual E3 (Fig. 3A) . The variability was observed between independent transformants in single experiments (e.g. the experiment depicted in Fig. 3A) and across experiments. Relative to WT cells, deletion of RKR1 increased GFP-NS abundance in 7 out of 12 transformants ( Fig. 3B ). Mutation of DOA10 resulted in a similar increase of GFP-NS abundance in 6 out of 11 transformants.
GFP-NS was found in increased abundance in hrd1⌬ cells in 3 out of 11 transformants. Simultaneous deletion of DOA10, HRD1, and RKR1 increased the abundance of GFP-NS in 7 out of 12 transformants. To our knowledge, variability in the effect of E3 gene deletion on NS protein abundance has not been reported. The fact that deletion of DOA10 increased the abundance of GFP-NS at the approximate frequency, and to the approximate extent, as deletion of RKR1 suggested a potential previously uncharacterized role for Doa10 in NS protein quality control of cytosolic proteins.
The abundance of proteins arising from mRNA molecules lacking stop codons is influenced by quality control at two levels, NSD and NS protein degradation. Conceivably, fluctuations in abundance of NS proteins could be attributed to (57) . Case 3, translation of ER-targeted membrane protein with cytosolic C-terminal tail. Also pictured are the three ubiquitin ligases analyzed in this study (Rkr1, Doa10, and Hrd1). T, translocon. Note: the GFP-based constructs have been used in previous studies (13) . The other constructs were generated specifically for this study.
variations in either pathway. To focus exclusively on NS protein quality control, we analyzed GFP-NS abundance in the context of a defective NSD pathway (deletion of SKI7, which mediates NSD (51)). Elimination of Ski7 rendered E3-dependent alterations in abundance highly reproducible (Fig. 3C ). When Ski7 was absent, deletion of RKR1 increased GFP-NS abundance in all (11/11) independent transformants tested ( Fig. 3B ). Neither DOA10 nor HRD1 affected GFP-NS abundance in any yeast transformant lacking Ski7. Simultaneous elimination of all three E3s did not increase GFP-NS abundance compared with individual deletion of RKR1. Thus, in the absence of a functional NSD pathway, Rkr1, but not Doa10 or Hrd1, regulates the abundance of a model NS cytosolic protein.
A second strategy to focus exclusively on protein, rather than mRNA, quality control mechanisms is to analyze the abundance of proteins possessing a hard-coded polylysine (K12) tract (mimicking a translated poly(A) tail) upstream of a functional stop codon and 3Ј UTR (13) . The NSD pathway is not expected to recognize the polylysine-encoding mRNA, due to the presence of a functional stop codon. Abundance of K12possessing constructs may therefore be analyzed in cells expressing Ski7. Like GFP-NS in ski7⌬ cells, GFP-K12 abundance was consistently increased in cells lacking RKR1 (Fig.  3D ). Deletion of neither DOA10 nor HRD1 detectably impacted GFP-K12 levels.
Together, these data confirm that Rkr1 regulates the abundance of model NS and K12 cytosolic proteins. When the NSD pathway is not active, ER-localized E3s play little to no role in regulating protein abundance. However, when NSD is intact, loss of Rkr1 and Doa10 results in similar, inconsistent increases of GFP-NS abundance. Subsequent analyses of model NS proteins were therefore conducted in the absence of Ski7, and studies of variants possessing hard-coded polylysine tracts and stop codons were performed in the presence of Ski7.
Proteasome Inhibition Stabilizes Model Translationally Stalled ER-targeted Proteins-We sought to determine whether NS versions of ER-targeted proteins are subject to proteasome-dependent degradation. We generated epitope-tagged variants of model soluble (vacuolar carboxypeptidase Y (CPY)) and transmembrane (Vma12) ER-targeted proteins that lack a stop codon (see Fig. 2 ) (52, 53) . Cells lacking the Pdr5 drug efflux pump and expressing CPY-NS or Vma12-NS were treated with the proteasome inhibitor MG132. NS variants of both CPY and Vma12 increased in abundance following proteasome inhibition (to a greater extent than stop-codon possessing counterparts), confirming that both proteins are subject to proteasomal degradation (Fig. 4, A and B) .
To determine whether a polylysine tract is sufficient to destabilize these ER-targeted proteins in a proteasome-dependent manner, a second set of tagged constructs was engineered to possess the coding sequence for the ER-targeted protein, a hard-coded polylysine tract, a 13myc extension, and a stop codon (see Fig. 2 ). The 13myc extension allows visualization of proteins that have been translated beyond the polylysine tract. Thus, the frequency of translational pausing relative to readthrough for each construct may be compared, as translationally paused polypeptides migrate faster than their full-length counterparts on SDS-PAGE. When pdr5⌬ cells expressing either CPY-K12-13myc or Vma12-K12-13myc were treated with MG132, a truncated polypeptide fragment (consistent with translational stalling at the internal polylysine tract) increased JULY 24, 2015 • VOLUME 290 • NUMBER 30
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in abundance (Fig. 4, A and B) . A markedly smaller increase in abundance of the full-length (13myc-possessing) proteins was observed following MG132 treatment, indicating that proteins translated beyond the polylysine tract are not subject to the same quality control mechanism. Thus, as for soluble cytosolic proteins, a polylysine tract is sufficient to trigger translational stalling and proteasomal degradation of nascent ER-targeted polypeptides.
Intriguingly, the frequency of translational read-through beyond the polylysine sequence differs for CPY and Vma12. Following proteasome inhibition, the fraction of protein translationally paused at the polylysine tract is markedly greater for CPY than for Vma12 (cf. Fig. 4, A and B) . This suggests some feature(s) upstream of the polylysine tract regulates the efficiency of translational pausing and protein degradation. We note that Vma12 and variants thereof migrate as two bands. The faster migrating species is present in the wild-type, stopcodon possessing version and likely represents a subpopulation of Vma12 for which translation has begun at an internal start codon.
Rkr1 Regulates Abundance of a Model Translationally Stalled ER-targeted Soluble Protein-Elimination of Doa10 or
Hrd1 sensitizes cells to conditions associated with increased frequency of stop codon misreading ( Fig. 1) . Neither contributes to quality control regulation of the NS and K12 variants of the cytosolic protein GFP when NSD is not functional (Fig. 3) . Given their ER localization, we hypothesized that Doa10 and Hrd1 contribute to ribosome-associated quality control of ERtargeted proteins. Similar to GFP, stop codon mutation reduced CPY abundance (Fig. 5A ). However, in contrast to our hypothesis, deletion of RKR1, and not DOA10 or HRD1, partially restored CPY-NS abundance. CPY-NS abundance was not further increased in doa10⌬ hrd1⌬ rkr1⌬ cells.
The C-terminal addition of a polylysine tract and 13myc extension to CPY resulted in two species detectable by Western analysis (translationally stalled CPY-K12 and full-length CPY-K12-13myc). In WT cells, the combined abundance of both species (CPY-K12 and CPY-K12-13myc) was markedly reduced compared with WT CPY (Fig. 5B) . RKR1 deletion increased abundance of the translationally stalled CPY-K12 without a comparable increase in the full-length CPY-K12-13myc. Deletion of DOA10 or HRD1 did not increase CPY-K12 levels. Reactivity with an anti-Myc antibody confirmed that the more slowly migrating species possesses Myc epitopes.
We confirmed ER localization of these CPY variants, each of which contains four N-glycosylation sites, by incubating lysates with Endo H, which removes ER luminally added N-linked glycans in yeast cells. Consistent with ER localization, WT CPY, CPY-NS, and translationally paused and full-length species of CPY-K12-13myc exhibited increased migration in the presence of Endo H (Fig. 5C) . A control version of CPY-NS lacking an ER-targeting signal sequence was not sensitive to Endo H. Together, these data indicate that the cytosolic E3 Rkr1, but not the canonical ERAD E3s Doa10 or Hrd1, regulates the abundance of a model soluble ER luminal protein lacking a stop codon or possessing a polylysine tract.
Rkr1 Regulates Abundance of a Model Translationally Stalled ER-targeted Transmembrane Protein-An NS variant of the two-transmembrane protein Vma12, Vma12-NS, was reduced in abundance relative to Vma12 possessing a wildtype stop codon (albeit not to the extent observed for GFP-NS or CPY-NS) (Fig. 6A ). Vma12-NS increased in abundance when the proteasome was inhibited (Fig. 4B ). However, simultaneous deletion of DOA10, HRD1, and RKR1 did not detectably increase Vma12-NS abundance. The population of Vma12-NS detectable by Western blot likely represents a mixture of translationally stalled polypeptide at the poly(A) tail and NS protein that has been released from the ribosome. A preponderance of the latter would visually obscure changes in the former.
A hard-coded polylysine tract and 13myc extension (K12-13myc) allowed us to electrophoretically distinguish translationally stalled protein (at the polylysine tract) from translational read-through products. In WT cells, although translationally stalled Vma12-K12 was clearly detectable, the majority of the protein migrated at a rate consistent with fulllength protein (Vma12-K12-13myc), demonstrating considerable translational read-through of the polylysine tract (Fig. 6B) . Direct comparison of Vma12-K12-13myc and CPY-K12-13myc indicates a stronger propensity for pausing at the internal polylysine tract in the soluble ER luminal protein CPY than in the integral ER membrane protein Vma12 (cf. Figs. 5B and  6B ). Deletion of RKR1, but not DOA10 or HRD1, increased the abundance of the translationally stalled Vma12-K12. The abun- dance of the full-length translational read-through protein was not increased in the absence of any of the E3s. Simultaneous deletion of all three genes did not increase the abundance of Vma12-K12 more than deletion of RKR1.
To confirm ER localization of Vma12-K12-13myc, we inserted a segment containing two N-glycosylation sites from the secreted enzyme invertase into the ER luminal loop of Vma12 to generate Vma12(glyc)-K12-13myc (see Fig. 2 ) (41, 54) . Importantly, deletion of RKR1 increased the abundance of the faster migrating (translationally paused) species of this protein (Vma12(glyc)-K12) (Fig. 6C ). Treatment with Endo H increased the mobility of truncated Vma12(glyc)-K12 and fulllength Vma12(glyc)-K12-13myc, confirming ER localization. Together, these data indicate that Rkr1 is capable of mediating ribosome-associated degradation of transmembrane proteins targeted to the ER.
Switching the ER-targeting Mechanism of an ER-targeted Protein Influences Efficiency of Translational Stalling and Ribosome-associated Degradation-The soluble ER luminal CPY is post-translationally imported into the ER (55) . By contrast, the transmembrane Vma12 is predicted to be co-translationally translocated into the ER membrane. Translational pausing at an internal polylysine tract and Rkr1-dependent degradation occurred more readily in the context of CPY-derived constructs than in those derived from Vma12 (cf. Figs. 5 and 6 ). We hypothesized that differences in frequency of translational read-through and efficiency of degradation correlate with mechanism of ER targeting (i.e. coversus post-translational translocation). To test this hypothesis, we generated versions of CPY, CPY-NS, and CPY-K12-13myc that are co-translationally translocated. The post-translational ER-targeting signal sequence of CPY was replaced with the co-translational ER-targeting signal sequence of Ost1 (a subunit of the ER luminal oligosaccharyltransferase complex) to generate OPY (Ost1-CPY; see Fig. 2 ) (56) . Endo H sensitivity confirmed ER localization of these OPY-derived proteins (Fig. 7A) .
Consistent with our hypothesis, the co-translationally translocated OPY-NS and OPY-K12-13myc behave more similarly to Vma12-than CPY-derived constructs. Stop codon mutation or insertion of a polylysine tract destabilized OPY (Fig. 7, B and C) , and proteasome inhibition increased abundance of OPY-K12 (while mildly, if at all, influencing OPY-NS abundance) (Fig. 4C ). Similar to Vma12-NS, simultaneous deletion of DOA10, HRD1, and RKR1 did not markedly increase OPY-NS abundance (Fig. 7B) . OPY-K12- 
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13myc migrated as two species (Fig. 7C) , consistent with translational pausing at the polylysine tract (OPY-K12) and translational read-through to the C-terminal 13myc extension (OPY-K12-13myc). Deletion of RKR1 preferentially increased the abundance of the translationally paused OPY-K12 relative to the full-length read-through product OPY-K12-13myc. Finally, in a manner more closely resembling Vma12-K12-13myc than CPY-K12-13myc, OPY-K12-13myc exhibited a significant propensity for translational readthrough of the polylysine tract to the 13myc extension ( Fig.  7D ). In all of these respects, the co-translationally translocated ER-soluble protein OPY more closely resembled the co-translationally translocated transmembrane Vma12 protein than the post-translationally translocated soluble CPY protein. These data support the hypothesis that the mode of translocation influences efficiency of translational pausing and Rkr1-mediated ribosome-associated degradation.
Deletion of RKR1 Impairs Cell Growth in the Presence of a Model Nonstop ER-targeted Soluble Protein-A previous study indicated that a translationally stalled, tRNA-linked NS version of CPY persistently engages the ER translocon (57) . In the absence of a functional NSD pathway (e.g. in the context of mutations in SKI7 or DOM34), this persistent engagement prevented efficient translocation of other ER-resident proteins and impaired growth, particularly at lower temperatures (57) . We also observed a growth defect in ski7⌬ dom34⌬ cells when CPY-NS was expressed at elevated levels (Fig. 8A) . Eliminating Dom34 is expected to disable both NS mRNA and NS protein quality control mechanisms. If the growth defect observed in these cells is due in part to deficiencies in ribosome-associated degradation, we predicted that ski7⌬ rkr1⌬ cells would pheno-copy ski7⌬ dom34⌬ cells in the presence of CPY-NS. Indeed, high-level expression of CPY-NS (but not CPY with a wild-type stop codon) mildly, but reproducibly, impaired growth in ski7⌬ rkr1⌬ cells (Fig. 8B ). This effect was specific to Rkr1, as ski7⌬ doa10⌬ and ski7⌬ hrd1⌬ cells expressing CPY-NS did not exhibit a growth defect.
Discussion
In this report, we have shown that the ribosome-associated E3 Rkr1 regulates the abundance of NS and translationally stalled proteins that are targeted to the ER membrane in a novel quality control mechanism we term ERAD-RA (ERAD of ribosome-associated proteins). Stalled nascent chains of soluble ER proteins and transmembrane proteins are subject to Rkr1-dependent degradation, with an efficiency that depends on the ER-targeting mechanism. Although the canonical ERAD E3s Doa10 and Hrd1 are required for optimal growth under conditions associated with elevated NS protein production, neither regulates the abundance of the model NS proteins analyzed in this study. The physiological significance of ERAD-RA is underscored by the toxicity of elevated levels of a model NS protein in rkr1⌬ ski7⌬ cells. Furthermore, an NS allele of at least one gene encoding an ER-targeted protein (GPR54) has been associated with human pathology (8) .
A previous report suggested that ER-targeted NS proteins are not subject to proteasome-dependent quality control (57) . However, in our experiments, proteasome inhibition increased the abundance of model ER-targeted NS and K12 proteins (Fig. 4 ). Rkr1 regulates the abundance of NS and K12 versions of the post-translationally translocated ER-tar- geted CPY protein (Fig. 5 ). Although variants of the co-translationally translocated proteins Vma12 (Fig. 6 ) and OPY ( Fig. 7) exhibit frequent translational read-through, translational stalling at the polylysine tract and Rkr1-dependent degradation do occur, albeit less robustly than for cytosolic or post-translationally translocated ER proteins. These data suggest that sequence elements upstream of the polylysine tract or the mechanism of translocon engagement influence the efficiency of translational stalling, presumably the critical factor in triggering Rkr1-dependent proteasomal degradation. It is possible that ER luminal chaperones, such as the HSP70 proteins Kar2 (58) or Lhs1 (59) , exert a pulling force on co-translationally translocated proteins in a manner that counteracts translational stalling, thereby increasing translational read-through of polybasic sequences.
Vma12 and OPY are both co-translationally targeted to the ER membrane. In NS and K12 variants of both, translocation is predicted to begin prior to translational pausing at polylysine sequences. CPY, however, is a post-translationally translocated protein. Therefore, it may be expected that NS and K12 variants of CPY would be translated in the cytosol and detected by Rkr1 in a manner similar to previously characterized soluble cytosolic NS proteins (such as GFP). However, previous studies indicate that CPY-NS interacts with the translocon while covalently bound to a tRNA molecule (57) . Furthermore, CPY-NS impairs translocation of other ER-targeted proteins in the presence of defects in ribosome dissociation (57) . Together, these data strongly suggest simultaneous ribosome and translocon engagement. We speculate that CPY-NS and CPY-K12 are translated on free cytosolic ribosomes until the polylysine tract enters the exit tunnel and arrests translation (Fig. 9 ). The stalled ribosome-nascent chain complex may then be targeted to an ER-resident translocon via the post-translational translocation mechanism. Translocation would proceed until the portion of the protein occluded within the ribosome exit tunnel is reached. Consistent with partial translocation into the ER lumen, all variants of CPY analyzed in this study become N-glycosylated, unless the signal peptide has been mutated ( Fig. 5) . Given a role for Hrd1 in the degradation of other proteins that aberrantly engage the translocon (40, 41) , we anticipated that Hrd1 would contribute to the degradation of CPY-NS. This was not the case. Therefore, at least two distinct quality control mechanisms appear to act on proteins that persistently or aberrantly engage the ER translocon.
Recent structural data suggest that the catalytic RING domain of Rkr1 is poised at the opening of the exit tunnel of the dissociated 60S subunit (23, 60, 61) . Nascent polytopic membrane proteins (such as Vma12) are likely to expose amino acids to the cytosol during translocation. Ribosome-associated Rkr1 may be readily envisaged to ubiquitylate such sequences. However, nascent co-translationally translocated soluble ER-targeted polypeptides, which are thought to move directly from the ribosome exit tunnel into the translocon, may never experience cytosolic exposure (24); hence, it is not apparent how nascent soluble NS and K12 proteins that simultaneously engage the ribosome and translocon could be ubiquitylated by Rkr1 . We speculate that the translationally and translocationally arrested protein is at least partially retrotranslocated prior to ubiquitylation by Rkr1 and proteasomal degradation ( Fig. 9 ). This may be accomplished by retrograde movement of the nascent polypeptide through the translocon (62) . Alternatively, the partially translocated protein may be laterally transferred from the translocon to a distinct retrotranslocating channel.
The sensitivity of cells lacking Doa10 or Hrd1 to hygromycin B (Fig. 1 ) initially led us to hypothesize a role for these E3s in ERAD-RA. However, neither detectably contributed to the degradation of the ERAD-RA substrates investigated in this study. To what, then, can the sensitivity of cells lacking Doa10 and Hrd1 to hygromycin B be attributed? In this study, we investigated the E3 specificity for a small subset of ER-targeted proteins. It is possible that Rkr1 fortuitously recognizes the NS and K12 forms of these proteins and that Doa10 and Hrd1 recognize other cytosolic or ER-targeted NS proteins (represented in the panoply of NS proteins likely to be generated by hygromycin B). In support of this notion, deletion of DOA10 and HRD1 has been reported to cause small reductions in ubiquitylation of ribosome-associated proteins (63) . Another potential explanation for sensitivity of these cells derives from the mechanism of action of hygromycin B, which induces ribosome A site distortion and errors in mRNA decoding (47) . This is likely to result in frequent missense mutation, contributing to a heterogeneous collection of aberrant and potentially harmful proteins. Some of these anomalous species may be substrates of characterized Doa10-and Hrd1-dependent ERAD pathways. It is noteworthy, however, that the absence of Doa10 and Hrd1 is not detrimental in the presence of anisomycin or cycloheximide, JULY 24, 2015 • VOLUME 290 • NUMBER 30 both of which are also expected to result in a variety of abnormal proteins. Interestingly, the ERAD E3s and Rkr1 appear to play partially overlapping roles in protecting cells against protein aggregate formation (64) . The extent to which this relates to ribosome-associated degradation remains to be determined.
Degradation of Translationally Stalled ER Proteins
In the presence of an intact NSD pathway, the effect of eliminating specific E3s on GFP-NS protein abundance was highly inconsistent (Fig. 3 ). Variability in abundance in E3 gene deletion strains was observed in experiments conducted by both labs contributing to this study. In the context of an intact NSD pathway, deleting DOA10 increased the abundance of GFP-NS as frequently and to a similar extent as deleting RKR1. However, when NSD was inactivated, no increase in GFP-NS abundance was observed in the absence of Doa10. These data provide tantalizing evidence that Doa10 may yet play a role in ribosomeassociated quality control but in a manner that requires a functional NSD pathway. Alternatively, a functional NSD pathway may reduce the frequency of NS protein translation to a level that reveals the effects of minor stochastic events that impact NS protein abundance.
Proteasome inhibition increased the abundance of ER-targeted NS and K12 proteins to a greater degree than RKR1 deletion. This suggests that E3s other than Rkr1 contribute to ERAD-RA. One candidate E3 is Not4, which has been implicated in the degradation of a subset of cytosolic ribosome-associated degradation substrates (11, 65) . Ubr1 has also been shown to co-translationally target for degradation proteins with N-terminal degrons (66) . Furthermore, Hel2 and Hul5 have been implicated in co-translational ubiquitylation of nascent polypeptides (63) . Additional experiments are necessary to determine the contributions of these and other proteins to ERAD-RA.
While this manuscript was in preparation, others reported a physical complex composed of mammalian RQC proteins, the large subunit of the ribosome, and the Sec61 translocon. Furthermore, elegant in vitro studies provided strong evidence for RQC of soluble ER-targeted polypeptides (67) . These biochem-ical and in vitro data are consistent with and complementary to our in vivo characterization of ERAD-RA.
The E3 Rkr1 targets translationally arrested cytosolic proteins for proteasomal degradation. Our results indicate that Rkr1 also promotes proteasomal degradation of translationally stalled ERtargeted proteins. Transmembrane and soluble (both co-and post-translationally translocated) proteins are subject to Rkr1-mediated ERAD-RA. Loss of RKR1 sensitizes cells to conditions associated with globally elevated NS protein production ( Fig. 1 ) and to high level expression of a single specific NS protein (Fig. 8 ). An improved understanding of the quality control mechanisms governing recognition of translationally stalled ER-targeted proteins is likely to be clinically significant.
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